Objective: In patients with nephrolithiasis, an inverse relationship between 24-h urinary pH (24h-UpH) and body weight has been reported. Whether body composition indices and 24h-UpH are similarly associated in healthy subjects needs investigation. Design: Cross-sectional, retrospective analysis. Setting: Dortmund, Germany and Gothenburg, Sweden. Subjects: Healthy young adults (18-23 years; n ¼ 117) and elderly (55-75years; n ¼ 85) having a mean body mass index (BMI) of 22.8073.4 and 25.373.9 kg/m 2 , respectively. Methods: Anthropometric data, 24h-UpH, and 24-h urinary excretion rates of net acid (NAE), creatinine, and urea were determined. After adjusting for urea (reflecting protein intake), renal creatinine output was used as a biochemical marker for muscularity. The BMI served as a marker of adiposity. Results: NAE, body weight, and BMI were significantly (Po0.05) higher, and height and creatinine significantly lower in the elderly, whereas body-surface area (BSA) was not different.
Introduction
The inverse correlation between body's acid load, quantifiable as the renal net acid excretion (NAE), and the urinary pH is well documented (Magri et al., 1977; Remer and Manz, 1994; Manz et al., 2001; Reddy et al., 2002) . NAE is the summation of net endogenous acid production determined by the dietary intakes of protein and minerals on one hand, and endogenous components on the other. It can be quantified in 24-h urines by titration methods (Remer and Manz, 1994, 1995a; Sebastian et al., 2002) and can be estimated by the potential renal acid load (PRAL), reflecting the dietary acidity (Remer and Manz, 1995b; and a body surface area (BSA)-dependent organic acid anion component (OA), reflecting primarily endogenous acids (Manz et al., 1984; Berkemeyer and Remer, 2006) . Recently, Maalouf et al. (2004) reported an inverse relationship between 24-h urinary pH (24h-UpH) and body weight, the latter taken as an indicator of obesity and peripheral insulin resistance, in patients with nephrolithiasis. Consequently, excess adipose tissue could contribute to lower urinary pHs. The fact that the NAE component OA depends on BSA, also implies potentially higher NAE values with excess adipose tissue. The most frequently used crude indicators of obesity are body mass index (BMI) (Siener et al., 2004; Watts et al., 2006) and body weight (Maalouf et al., 2004; Kuriyama, 2006) ; however, measurements of percent body fat would be preferable (Watts et al., 2006) .
The inverse relationship reported by Maalouf et al. (2004) for body weight and urinary pH remained stable when these authors adjusted 24h-UpH for the body's acid load using urinary sulfate, as a raw estimate of NAE. However, whether an NAE-adjusted 24-h urinary pH does actually correlate with adiposity can only be proved if biochemically analyzed NAE is used instead of excretion parameters as sulfate because a high protein intake and consequently high sulfate excretion does not automatically result in a high NAE (Sebastian et al., 2002; . In principle, an independent role of obesity in influencing the 24h-UpH may be of pathophysiological importance as the increased prevalence of kidney stones in obese subjects (Curhan et al., 1998; Borghi et al., 1999; Siener et al., 2004; Taylor et al., 2005b) could have been caused at least partly by an obesityrelated urine pH decrease (Maalouf et al., 2004) . Kidney stones, especially idiopathic uric acid nephrolithiasis (Maalouf et al., 2004; Alvarez-Nemegyei et al., 2005) , are usually associated with low urine pHs. However, research on linkages between urinary pH and anthropometrics has so far been mainly conducted in patients with nephrolithiasis (Borghi et al., 1999; Maalouf et al., 2004; Siener et al., 2004) . Such a possible linkage between the urinary pH and obesity needs further investigation.
Obesity has been identified as the most prominent risk factor in developing metabolic syndrome (Kraja et al., 2005) , the clustering of diabetes mellitus type II, insulin resistance, hypertension, and dyslipidemia. Both obesity itself and diabetes mellitus type 2 are associated with increased kidney stones (Taylor et al., 2005a, b) . Although the underlying pathophysiological mechanisms are not still clear (Taylor et al., 2005a) evidence increases for an inverse relationship between urinary pH and adiposity in patients with kidney stones (Maalouf et al., 2004; Siener et al., 2004) . Whether this relationship is also seen in health needs research. Thus, the aim of the present study was to investigate healthy groups of subjects and evaluate if adiposity or muscularity ('reversed adiposity') could have independent roles in determining 24h-UpH, in addition to the known relationship between the urinary pH and the net acid load.
Research methods and procedures
Subjects Study subjects were a young adults age group, ranging from 18 to 23 years (n ¼ 117, 52 male and 65 female subjects) and an elderly age group, ranging from 55 to 75 years (n ¼ 85, 41 male and 44 female subjects). The 18-23 year olds were participants of the ongoing Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD) study (Remer et al., 2002) . From this open cohort DONALD study, 122 young adults were retrospectively selected on the basis of timed 24-h urine collections (Remer et al., 2002) according to given instructions. Blood samples for measurements of further metabolic indices (e.g. insulin resistance) were unavailable for most of the selected sample. Subjects confirmed compliance orally and/or in written form. Five of these 122 subjects were finally excluded as their BMI was below 18 kg/m 2 , that is, below the cutoff for underweight.
The elderly age group was randomly selected from the Gothenburg's (Sweden) population register. A subsample of 230 elderly was contacted by letter, and 112 subjects responded and agreed to participate. Of those, 10 had to be excluded due to chronic illnesses, like kidney diseases, diabetes, osteoporosis, and chronic ischemic diseases. From the remaining 102, 17 were finally excluded, as they were on diuretic medication (eight), underweight (one), or had incomplete 24-h urine collections (eight) (Remer et al., 2002) . The subjects filled out self-administered questionnaires on smoking and drinking habits, medication for chronic diseases, symptoms, and supplement intakes. Owing to financial limitations, blood samples could not be collected for measurements of metabolic parameters like insulin resistance.
All subjects, the DONALD young adults and the elderly, provided informed signed consents. The study was approved by the institutional review board of the Research Institute for Child Nutrition, Dortmund, Germany, and the ethical committee of the Faculty of Medicine, University of Gothenburg, Sweden.
Anthropometric and biochemical parameters Height in centimeters was measured with a stadiometer (Harpenden, Coymych, UK), and weight in kilograms with an electronic scale (Seca 753E; Seca Weighing and Measuring System, Hamburg, Germany). From these measurements, BMI and body surface area (BSA) were calculated, latter according to Du Bois and Du Bois's formula (DuBois and DuBois, 1916) .
The 24-h urine samples were analyzed for pH, titratable acidity, ammonia, bicarbonate, creatinine, and urea. Urinary pH, titratable acidity (TA), ammonium (NH 4 ), and bicarbonate (HCO 3 ) were measured according to the method of Lüthy et al. (1977) . Creatinine was measured according to the kinetic Jaffe' procedure (Bartels and Cikes, 1969) using the Beckman-2 creatinine analyzer (Beckman Instruments, Inc., Fullerton, CA, USA), and urea was analyzed photometrically with Urease-Berthelot method (Randox Laboratories Ltd, Antrim, UK). NAE was computed conventionally with titratable acidity þ ammoniaÀbicarbonate.
Statistical analysis. All statistical analyses were carried out with SAS procedures (Version 8.2, Statistical Analysis System, Cary, NC, USA) with data presentation as means7s.d.
Overall age group differences were tested using unpaired t-test.
Step-wise multiple linear regression analysis was used to examine the relative contribution of muscularity and/or adiposity as potential independent predictors of urine pH as this linear regression model adjusts for the contribution of the other significant predictors. Each of the predictors was checked for multi-collinearity and, as variance inflation was less than 10, multi-collinearity was ruled out. In addition to NAE, the covariates initially included in the step-wise multiple regression model were BMI, as an adiposity index (Haroun et al., 2005) , and 24-h urinary creatinine, as a crude muscularity index (Heymsfield et al., 1983; Gibson, 1990; Welle et al., 1996) , which itself is still confounded by protein intake (Neubert and Remer, 1998) . In a second run of the regression, 24-h urinary urea was additionally included as an index for protein intake (Gibson, 1990) to adjust for proteinrelated influences on urinary pH (Remer and Manz, 1995a; Remer, 2001 ) and thereby also adjusting creatinine for its (non-muscularity specific) protein intake-dependent variation (Neubert and Remer, 1998) . All the urinary variables were BSA-corrected (Manz and Wentz, 2000) , by division of the individual variables with the subject's BSA.
Results
The demographic, anthropometric, and urinary data of the two age groups are shown in Table 1 . Weight, BMI, and NAE were significantly (Po0.05) higher and urea nearly significantly (P ¼ 0.06) higher in the elderly compared to the young adults, whereas height, creatinine, and 24h-UpH were significantly lower (Po0.05). Table 2 reports the regression analyses results for the dependent variable 24h-UpH. Regression model 1, run without the covariate urea (i.e. without protein intake adjustment), confirmed NAE as the predominant explanatory variable of the 24h-UpH, both in the elderly and the young adults with partial R 2 of 64 and 68%, respectively.
When instead of NAE, ammonium excretion was regressed on urinary pH, partial R 2 dropped to 0.26 and 0.07, respectively. The NAE model yielded creatinine as the second strongest, also positive, predictor of 24h-UpH, whereas BMI showed a negative association, which was significant in the young adults (P ¼ 0.002) and of borderline significance in the elderly (P ¼ 0.06). After including urea, the protein intake index in the regression, the partial R 2 for creatinine and BMI decreased while urea itself became a highly significant (Po0.0001) predictor of 24h-UpH (model 2). Gender, which was included as a dummy variable in both the models, was not significantly associated with the 24h-UpH in any sample group or statistical model.
Discussion
Previous studies (Magri et al., 1977; Remer and Manz, 1994; Manz et al., 2001; Reddy et al., 2002) have repeatedly demonstrated the inverse relationship between urinary pH and NAE. The present study confirms this and indicates that the variability of urinary free proton excretion can be explained by the variability in NAE to a comparable extent in healthy young adults and elderly. The observed difference in the daily absolute creatinine excretion between the age groups grossly confirms the known decline in muscle mass with age. In addition to this, . All 24-h urine variables were corrected for body surface area (BSA) (DuBois and DuBois, 1916) by division of each variable with the individual BSA. Gender as a dummy variable (male ¼ 1, female ¼ 0) included in the models was not found significant in any of the cases and no significant interactions were present.
the results from the present study suggest that after adjusting for NAE, an increasing creatinine excretion promotes a more alkaline urine (Table 2 : standardized betas) in both age groups. In accord with the positive relationship of muscularity index (creatinine) to pH is the consistently negative association of the adiposity index (BMI) to pH (after NAE and creatinine were adjusted, although significance was not reached for elderly). This suggests that increased body fat may contribute to a higher urinary free proton excretion at any given NAE and urinary creatinine output. A corresponding inverse relationship between adiposity indices (BMI or weight) and urinary pH has been suggested for patients especially with kidney stones (Maalouf et al., 2004; Siener et al., 2004) , but not yet for healthy subjects. Whether lower urinary pH values in more obese subjects represent one mechanism explaining their increased risk for urolithiasis (Curhan et al., 1998; Siener et al., 2004; Taylor et al., 2005b) and whether insulin resistance is involved (Taylor et al., 2005a) , is currently under discussion and needs further research.
Protein intake is a known confounder of urinary creatinine excretion (Gibson, 1990; Neubert and Remer, 1998) and therefore has to be controlled for, if creatinine's specific muscularity contribution is to be investigated. Protein intake is best reflected by urinary total nitrogen excretion (Gibson, 1990) . However, urinary nitrogen measurements encompass the nitrogen from ammonium (as part of NAE) and creatinine. Thus, addition of total nitrogen to a regression analysis already including the covariates NAE and creatinine would lead to an incorrect model with no longer interpretable R 2 . The fact that apart from nitrogen, urea is also a specific index of dietary protein intake (Gibson, 1990 ) allowed us to appropriately study the individual contributions of NAE, creatinine, and protein intake (urea) to urinary free proton excretion. After including urea in the regression model (model 2), it turned out to be a stronger predictor of 24h-UpH than creatinine. This is in accord with earlier observations showing that increases (decreases) in dietary protein intake result in clear increases (decreases) in urinary pH when net acid load or NAE is controlled for (Manz et al., 1995; Remer and Manz, 1995a) . Thus, in model 2, the 24h-UpH associations with BMI and creatinine were (as a necessity) adjusted for protein intake, allowing interpretation of the covariate creatinine as a muscularity parameter. However, after controlling for the known confounders, our results suggest that both muscularity and adiposity are co-determinants of urinary pH.
A limitation of the present study was that the BMI, and not a direct measure of adiposity, was used to characterize body fatness. The BMI comprises both lean body mass (muscularity) and fat mass and, thus, we cannot rule out that a more accurate index of adiposity, for example, percent body fat measured by dual-energy X-ray absorptiometry (DEXA), would yield a stronger relationship for urinary pH than seen in the present study. Thus, total explained variability ranging from 72 to 77% in both age groups might have been improved modestly with more specific body composition measures. The remaining unexplained variability of about 25% could at least partly be owing to the lack of insulin-resistance data in our study and also owing to genetic/individual variability of renal functions (e.g., proton secretion, anion and cation transport protein activities).
A previous study (Maalouf et al., 2004) suggested that in patients with nephrolithiasis, the influence of body fatness (reflected by simple body weight) on urinary pH may be larger than the modest partial R 2 that we observed in our study. However, also for patients, a more specific insight into the potential influence of body composition on urinary pH is required, especially concerning the contribution of increasing insulin resistance which is closely associated with the severity of obesity (Garca-Estevez et al., 2004; Taylor et al., 2005a) . Overall, the findings in patients with nephrolithiasis and our findings in healthy young adults and elderly underline that increased adiposity may be involved in urine pH decrease. Again, this requires further confirmation considering insulin-resistance data as well as more direct measures of adiposity like percent fat. With regard to the scientific significance of our findings, both associations, the positive association of muscularity and the negative association of BMI, with 24h-UpH, appear to be of physiological importance. This is not only because we used a novel biochemical-based approach to characterize muscularity, namely the urea excretion (protein intake)-adjusted 24-h creatinine output (model 2), but also because our finding demonstrates that the relationship between urine pH and body composition (hitherto observed primarily in kidney stone patients) is already present in healthy adults independent of their daily acid load (NAE). Given that in statistical genetic research, explained variations of the BMI of 'only' 2% for gene polymorphisms, e.g. of the uncoupling protein 3, are regarded as physiologically relevant (Liu et al., 2005) , physiological relevance should also apply to our similarly small explanatory contributions of muscularity or BMI to urinary pH variation.
In conclusion, our study suggests that in addition to the strong influence of NAE, also muscularity and adiposity are predictors of 24hU-pH, albeit with a modest effect. Future research should focus on more obese, but otherwise normal, subjects. In doing so, the contribution of insulin resistance, and additional metabolic and genetic factors to free proton excretion should be taken into account, in order to substantiate the role of obesity in low-urine-pH-induced pathophysiological conditions, such as nephrolithiasis.
